Objective To examine whether the timing of delivery of intravenous antibiotics following open limb fractures has an effect on deep infection rates and other outcomes. Design We published an a priori study protocol in PROSPERO. Our search strategy combined terms for antibiotics, timing of administration and fractures. Two independent reviewers screened, selected, assessed quality and extracted data from identified studies. Data sources We searched five electronic databases with no limits and performed grey literature searches. Eligibility criteria for selecting studies Randomised and non-randomised controlled studies, prospective and retrospective observational studies in which the effect of the timing of delivery of antibiotics on the outcome of deep infection in open fractures was considered were included.
INTRODUCTION
An open fracture is a break of a bone that communicates with the environment through a breach in the skin. The annual incidence of open long bone fractures is 11.5 per 100 000 persons per year and >70% involve the lower limb. 1 2 When an open fracture occurs, the barrier provided by the skin is lost, leading to an increased risk of infection.
Open fractures are most commonly graded according to the Gustilo and Andersen classification. 3 4 This is applied at the time of surgery and uses a 1-3 scale according to the size of the wound. Grade III fractures are further divided according to the complexity of reconstruction needed. The risk of infection is 0%-7% for grade I, 0%-11% for grade II, 2%-36% for grade III and up to 44% for the grade IIIC subtype. [3] [4] [5] [6] [7] [8] [9] [10] [11] [12] [13] [14] [15] Infection rates of 27% following grade III fractures are typical even in contemporary specialist centres. 16 The consequences of developing an infection are significant, leading to prolonged pain, decreased function, the need for prolonged antibiotics and further surgical interventions or amputation. The associated healthcare costs are £105 000 if the limb can be salvaged and £320 000+ if amputation is required. This is a fraction of the subsequent personal and societal cost. 17 Current national standards of care typically state that antibiotics should be given as soon as possible after an open fracture occurs 18 but in most cases, antibiotics are not given until the patient arrives in hospital meaning there can be a substantial delay between injuries and receiving antibiotics. There is some evidence that if antibiotics can be delivered within 66 min of injury, the subsequent deep infection rate may be decreased. 6 Delivery of antibiotics by prehospital providers or clinicians reduces the time to delivery of antibiotics in this cohort and the diagnostic accuracy in this setting is >95%. 2 There is currently no definitive trial or systematic review in this area. The aim of this systematic review was to assess whether the timing of delivery of intravenous antibiotics in patients following open limb fractures had an effect on the outcomes of treatment including the incidence of deep infection, patient reported outcomes and health-related quality of life.
METHODS
A protocol for the systematic review was developed and registered with PROSPERO (international prospective register of systematic reviews; registration number CRD42015016729) prior to commencing the review.
Search strategy
An information specialist searched the following databases from 1980 to 17 provides the search strategy used for MEDLINE. The search included terms for the following components: antibiotics AND timing of administration AND fractures. No language limits were used. An initial experiment was carried out to ascertain the usefulness of using terms for the names of individual antibiotics. It was determined that no additional useful material was likely to be gained and therefore the final strategy was based on a comprehensive use of index terms and the use of general terms for antibiotics.
The results of all searches were imported into Endnote XVII (Thomson Reuters, California, USA) bibliographic software and deduplicated. Two authors (MRW and CMcD) screened the bibliographic references in Endnote based on the review eligibility criteria. The full texts of any potentially relevant citations were ordered and independently screened. Disagreements were resolved through discussion. Where there were papers related to the same cohort the most comprehensive paper was included.
Study selection
Studies were assessed for eligibility against the following criteria: Population: people of any age who have an open limb fracture of any severity. Intervention: studies investigating timing of administration of intravenous antibiotics given prophylactically, including studies comparing prehospital antibiotic administration to administration in the ED. Comparator: prophylactic intravenous antibiotics provided at a different time. Studies comparing different antibiotics or other aspects of regimen were excluded. Outcome: infection or deep infection rates, patient function, quality of life (using standardised patient reported outcome measures), fracture union, amputation, mortality and indicators of infection including unscheduled operative procedures, number of operative procedures, need for further intravenous antibiotics and number and type of adverse events and serious adverse events.
The primary outcome of interest was deep infection associated with the open fracture wound. Given the exploratory nature of the review, the definition of deep infection associated with open fracture wound, used by individual studies, was accepted. Study design: randomised controlled trials (RCTs) were eligible for inclusion. In the absence of this study design, nonrandomised controlled studies and prospective and retrospective observational designs were included provided timing of antibiotic delivery was investigated.
Data extraction and assessment of study quality A data extraction form was developed and piloted. Data extracted included details of objectives, study design, setting, eligibility criteria, participant characteristics, details of timing of antibiotic, other variables investigated and results for the outcomes of interest for the comparison on the timing of delivery of antibiotics. Data were extracted and the quality of studies assessed by one researcher and checked by a second. We planned to use the Cochrane Risk of Bias Tool 19 to assess risk of bias in included RCTs and quasi RCTs and The Newcastle-Ottawa Scale to assess observational study designs. 20 Following piloting we found the latter of limited utility for the uncontrolled study designs we included. We therefore used a list of criteria based on a previous review of uncontrolled studies. 21 Online supplementary appendix 2 provides details of the criteria and online supplementary appendix 3 the results of the risk of bias assessment.
Synthesis
The key aim of the synthesis was to identify gaps in the evidence and identify implications for future research. As specified in the preregistered protocol we did not undertake a meta-analysis due to the absence of RCTs. None of the studies identified were robust study designs to address the research question and were at considerable risk of bias. Any pooled estimate of the available results would therefore be unreliable and potentially misleading. In addition there was considerable heterogeneity within the non-randomised study designs that were identified (eg, in how infection was defined, the diagnostic threshold used, the use of non-validated diagnostic criteria, how the timing of delivery of antibiotics was defined and whether data were gathered retrospectively or prospectively). It is difficult to predict how this bias and heterogeneity would influence the direction of the effect estimate generated by pooling of data. There is conflicting evidence from methodological work on non-randomised study designs whether the effect is overestimated or underestimated when compared with RCTs. 22 It is suggested that the main effect is one of uncertainty in the estimate over and above that accounted for in the CIs. Pooling of data would therefore not be justified or reliable therefore a narrative description of the included studies is provided.
RESULTS

Study selection
The searches identified 670 citations, following deduplication. Titles and abstracts were screened for potentially eligible studies and 24 full papers obtained and assessed for inclusion against the eligibility criteria (figure 1). Eight studies were included. 2 6 12 23-27 Three studies 28-30 were excluded because they were abstracts reporting on the same cohort as an included
study; one because it was a reply to a letter related to an included study 31 and the remaining 12 studies did not meet at least one inclusion criterion. 15 16 32-41 Overview of included studies Table 1 provides a summary of the included study characteristics with full data extraction tables available in online supplementary appendix 4. The searches did not identify any RCTs or non-randomised controlled studies. Five were prospective cohorts and three retrospective with a total of 2142 participants. Study size ranged from 89 to 736, though fewer than this were included in individual analyses.
The studies were based in the UK; 25 27 Australia; 26 Canada and/or the USA. 2 6 12 23 24 The oldest study was approximately 30 years old with the cohort running from 1983 to 1986 12 the most recent ran from 2010 to 2013. 6 Three studies restricted the eligible open fractures to the tibia 6 26 or radius and/or ulna 23 whereas the remaining studies included a wider range of open fractures. The proportion of participants in studies with Gustilo-Anderson grade I or II ranged from 0% 6 to 72%.
12
All of the included studies assessed our primary outcome of interest, deep infection, however, there was considerable variability in how this was defined and one study reported it as part of a composite outcome. 2 The other most commonly reported outcome was fracture non-union. 12 23 26 None of the studies reported measures of patient function or quality of life and our other outcomes of interest were only reported by single studies (see online supplementary appendix 4), and not explored by time of antibiotic administration. Only one study explicitly investigated the effect of prehospital administration of antibiotics. 2 
Risk of bias in included studies
The key risk of bias in the included studies arises from none of the studies having a control group or randomised allocation to groups to explore the effect of the variable of interest, time of administration of antibiotic prophylaxis. Table 1 provides details of the risk of bias assessment for individual studies (see online supplementary appendices 2 and 3, for details of criteria and results). The majority of studies used consecutive selection or other methods suggesting that the study sample is likely to be representative, though for many of these studies the completeness of outcome data used in the analyses was not considered adequate. The majority of studies reported data on relevant prognostic and confounding variables, though few reported on all the variables we identified in advance as potentially important to consider. Only one study used a robust measure of deep infection based on our predefined criterion. 25 A further study applied the Centers for Disease Control and Prevention (CDC) diagnostic criteria, however, these were not fully applied: when an implant is present as would be the case in all the fractures in this study, the presence of deep infection cannot be determined until 1 year postsurgery according to the CDC criteria. 6 There were limitations in all of the statistical analyses, either in reporting and/or the actual analyses (see online supplementary appendices 3 and 4). In addition, only the study by Lack et al reported a sample size calculation suggesting that the study was adequately powered to determine whether early administration of antibiotics was associated with lower infection rates. 6 Synthesis of study results Table 2 provides a summary of the analytical approach, the overall deep infection rate and the results of analyses exploring the relationship between time of antibiotic delivery and deep infection rate for each study. The deep infection rate ranged from 5% to 17.5%, though it is unclear whether this variation is related to characteristics of the participants, setting, the time period of the cohort or variation in the definition of infection used. Four of the studies did not undertake a multivariate analysis, either not planned or insufficient sample size, and therefore other confounding variables were not taken into consideration. 2 23 25 27 There were limited data available exploring the effect of early administration of antibiotics or delivery in the prehospital setting. Only Thomas et al explicitly investigated administration of prophylactic antibiotics in the prehospital setting. 2 A further study by Lack et al used retrospective multivariate analysis to explore the effect of antibiotic delivery within 66 min of injury. 6 These two studies were also the most recent cohorts. Lack et al undertook the most sophisticated analysis, though no information was provided on regression outputs, test statistics or goodness of fit. They reported an independent association between delivery of antibiotic >66 min after injury (early antibiotics) and the odds of deep infection (OR 3.78; 95% CI 1.26 to 14.11) in a sample of patients with type III open tibia fractures. 6 There was also an independent association between wound coverage within 5 days and the risk of infection. The infection rate with early antibiotics and early wound coverage was 2.8% compared with 7.9% for delayed antibiotics and early wound coverage. Thomas et al reported no statistically significant difference in a composite outcome of fracture site infection or fracture non-union with administration of antibiotic prehospital and on arrival at hospital (risk difference 5.2%, 95% CI −2% to 11%). 2 This difference may be of clinical significance, however, the results cannot be considered robust due to limitations in the analysis.
Weber et al, the largest included study, reported no statistically significant association between developing a deep infection and time of antibiotic administration (adjusted OR 1.0; 95% CI 0.95 to 1.05) in a population with open long bone fractures (66% Gustilo-Anderson grade I or II). 24 However, this study did not address the effect of prehospital delivery of antibiotics. Based on the IQR only 25% of participants received their antibiotic within 1 hour 40 min of injury. In the studies by Dellinger et al, Zumsteg et al and Leonidou et al the proportion of patients receiving their antibiotic very early in the prehospital setting was unclear as the cut-off used in the analysis was above and below 3 hours; none found an effect, though the number of events was low and it is unlikely the studies were sufficiently powered (table 2) . 12 23 25 Al-Arabi also had a small number of events, the majority of who had received antibiotic within 2 hours of injury. 27 
DISCUSSION
This systematic review identified no randomised or nonrandomised controlled studies of the effect of the timing of delivery of antibiotics on the risk of developing deep infection following an open fracture. The eight cohort studies that were identified included 2142 participants and the reported rate of deep infection ranged from 5% to 17.5%, although the criteria used to define deep infection were not consistent. All of the studies were at risk of bias in multiple areas and there were limitations in the analyses of all of the studies. One study reported an OR of 3.8 (95% CI 1.3 to 14.1) of an increased risk of deep infection if antibiotics were given >66 min after the time of injury, 6 however, none of the remaining seven studies demonstrated any statistically significant association between the timing of delivery of antibiotics despite the presence of large effect sizes. 2 There has been no previously published systematic review on this subject. A previous systematic review found that the delivery of antibiotics protected against early infection compared with no antibiotics or placebo in the treatment of open fractures of the lower limb. 35 The effect of the timing of delivery of antibiotics was excluded from that review. While there has been recently published evidence to suggest a reduced rate of deep infection in severe (grade III) open fractures of the lower limb, 6 the lack of a control group in this study, the non-standard application of the CDC criteria to diagnose deep infection and the retrospective restriction to confirmed grade III open fractures substantially limits the generalisability of the findings. The remaining identified studies suggest there may be a substantial effect size according to the timing of antibiotic delivery 2 but no statistically significant differences were demonstrated. 2 12 23-27 The strengths and potential limitations of this systematic review deserve consideration. This is a comprehensive and up to date systematic review of the literature available to date in this area. The review was conducted in accordance with the PRISMA guidelines and registered prospectively in the PROSPERO database (CRD42015016729). The risk of bias and quality assessment were assessed and checked by a second author for all identified studies.
The conclusions of this systematic review are limited by the quality of the evidence available in the literature for review. There were no controlled trials on the effect of the timing of delivery of antibiotics on the risk of deep infection following open fracture and all of the included studies are therefore at risk of substantial bias. Along with the methodological issues, such as the lack of consistency in the definition of deep infection, evaluation of different grades of open fractures and limitations of the analyses identified in the included studies, our ability to reach a firm conclusion regarding the effect of the intervention in this population was limited. As such, the conduct of an RCT to assess the effect of this intervention is indicated.
There is not currently sufficiently robust evidence available to determine whether the timing of delivery of intravenous antibiotics has an effect on the risk of deep infection, patient reported outcome or health-related quality of life following open limb fractures. Further there is no current robust evidence base to support the routine prehospital delivery of antibiotics compared with delivery in hospital for patients with an open fracture of the lower limb. Before the policy and guidance can be changed to support the use of prehospital antibiotics in this population, an RCT should be performed to determine whether there is a benefit in terms of patient outcome that justifies the resource implications of widespread introduction of this practice.
